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In this work, we study the isospin conserved hidden bottomonium decay of Xf, —>■ T(lS')a;, where 
Xb is taken to be the counterpart of the famous X (3872) in the bottomonium sector as a candidate 
for the meson-meson molecule. Since it is likely that the Xb is below the BB* threshold and the mass 
difference between the neutral and charged bottom meson is small compared to the binding energy 
of the Xb, the isospin violating decay mode Xb —>■ T{nS)'K'^Tv~ would be greatly suppressed. We use 
the effective Lagrangian based on the heavy quark symmetry to explore the rescattering mechanism 
of Xb —>■ T(lS')a; and calculate the partial widths. Our results show that the partial width for the 
Xb —>■ T)!^)^ is about tens of keVs. Taking into account the fact that the total width of Xb may 
be smaller than a few MeV like Jf(3872), the calculated branching ratios may reach to orders of 
10“^. These hidden bottomonium decay modes are of great importance in the experimental search 
for the Xb particularly at the hadron collider. Also, the associated studies of hidden bottomonium 
decays Xb —>■ T{nS)y, T{nS)u}, and BB'y may help us investigate the structure of Xb deeply. The 
experimental observation of Xb will provide us with further insight into the spectroscopy of exotic 
states and is helpful to probe the structure of the states connected by the heavy quark symmetry. 

PACS numbers: 13.25.Hw, 13.75.Lb, 14.40.Pq 


I. INTRODUCTION 


During recent years, the experimental observation of a large number of so-called XYZ states has inspired tremendous 
effort to unravel their nature beyond the conventional quark model [ij-Q. In 2003, the Belle Collaboration first 
reported the observation of X(3872) in the invariant mass spectrum of B~^ + J/tt~ Q which 


was subsequently confirmed by the BaBar Collaboration [9| in the same channel. It was also discovered in proton- 
proton/antiproton collisions by the DO 101, CDF [^, and LHCb Collaborations [l^, Q. The X(3872) is the 


first, and perhaps the most renowned exotic candidate; however, its nature is still ambiguous due to its peculiar 
properties. First, only an upper bound of the total width has been measured experimentally: F < 1.2 MeV [i2| . 
which is tiny compared to typical hadronic widths. Second, the mass is located close to the D^D*^ threshold, 
Mx( 3872 ) ~ Mjjo — Mjjto = (—0.12 ± 0.24) MeV 15|, which leads to speculation that the ^(3872) is presumably a 
meson-meson molecular state 


16lll7|. 


Many studies on the production and decay of the A'(3872) have been carried out in order to understand its nature. 
The discrimination of a compact multiquark configuration and a loosely bound hadronic molecule configuration is one 
important aspect. From this point, it is also valuable to look for the counterpart in the bottom sector, denoted as Xb 
following the notation in Ref. Q, as states related by heavy quark symmetry may have universal behaviors. Since 
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the Xh is very heavy and its quantum numbers it is less likely discovered at the current electron-positron 

collision facilities, though the Super KEKB may provide an opportunity in T(55', 6S) radiative decays Il9ll. 


The production of Xi, at the LHC and the Tevatron m and other exotic states at hadron colliders 


21I427| have 


been extensively investigated. On one hand, it is shown that the production rates at the LHC and the Tevatron are 
sizeable 20|. On the other hand, the search for X^ also depends on reconstructing the Xi,, which motivates us to 
study the Xb decays. In Ref. we have studied the radiative decays of Xt —>■ jT{nS) {n = 1, 2,3), with Xf, being 
a candidate for the meson-meson molecular state, and found that the partial widths into ■jT{nS) are about 1 keV. 
Since this meson is expected to be far below threshold and the mass difference between neutral and charged B mesons 
is very small, the isospin-violating decay mode, for instance Xb —>■ Ttt+tt”, is highly suppressed, and this may explain 
the escape of Xb in the recent CMS search [29|. As a consequence, the isospin-conserved decays Xb T{1 S)lu, on 
which we will focus this paper, will be of high priority. 

To calculate Xb —>■ T(15')w, we investigate the intermediate meson-loop (IML) contributions. As is well known, 
IML transitions have been one of the important nonperturbative transition mechanisms in many processes, and their 

. Recently, this mechanism has 


3C 33 


5(il | and a global agreement with 


impact on the heavy quarkonium transitions has been noticed for a long time 
been applied to study B decays 34, ^ , the production and decays of exotic states 
experimental data were obtained. Thus, this may be an effective approach to deal with the Xb hidden bottomonium 
decays. 

The rest of this paper is organized as follows. In Sec. |H1 we introduce the formalism used in this work. Numerical 
results are presented in Sec. IHIl and the summary is given in Sec. IIVI 


II. HIDDEN BOTTOMONIUM DECAYS 



FIG. 1: Feynman diagrams for Xb —>■ T(lS)a; with the BB* as the intermediate states. 


A state of the heavy meson pair can be decomposed in terms of the total spin of the QQ pair Sh and the total 
angular momentum Sl of the rest degrees of freedom, for which the latter includes both the total spin of the light 
quark pair gg and any orbital momentu m l55l - l61 |. In the S-wave BB* molecular picture of Xb, the heavy quark spin 
structure is mandated to be ljf~ 0 [60|. However, in the tetraquark picture of Xb, the total spin Sh can be either 
0 or I. As a result, the dominant hidden bottomonium decay channel is T(lS')w in the molecule picture of Xb, while 
the hidden bottomonium decay channels of Xb can be those channels with Sh = 0 or 1 final bottomonium. From this 
point of view, it seems that a molecule Xb may have a bigger branching ratio of Xb —> T(lS')aj than a tetraquark Xb- 
Generally speaking, we should include all the possible intermediate meson loops in the calculation. In reality, 
the breakdown of the local quark-hadron duality allows us to pick up the leading contributions as a reasonable 
approximation 


30 


Since we consider the isoscalar Xb as an iS-wave molecular state with = I++ given by 
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the superposition of B^B*^ + c.c. and B i?*+ + c.c. hadronic configurations as 


l^f>) = - \B*^B^)) + {\B+B*-) - \B-B*+))], 


( 1 ) 


we will only consider the BB* meson loops here. The coupling of to the bottomed meson pair is based on the 
following effective Lagrangian, 


C = ^xl^[xi{B*°f^B° - B°B*°>^) + X 2 {B*+f^B- - B+B*-f^)] + H.c., 


( 2 ) 


where Xi denotes the coupling constant. For the Xi, below the S-wave BB* threshold, the effective coupling of this 
state is related to the probability of finding the two-hadron component in the physical wave function of the bound 
states and the binding energy, Ex^ = ms -I- tob* — mxh 


30 
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Xi = 167r(TOB -I- mB*)^Ci- 


I2E 


Xi 


(3) 


where c, = /r = msms *lirfiB + ms*) is the reduced mass. Here, the coupling constant Xi in Eq. (|3]) is based 

on the assumption that Xt is a shallow bound state where the potential binding the mesons is mostly contact range. 
Based on the heavy quark symmetry, the leading-order effective Lagrangian for the T(15') can be expressed as 64Ll65| 

^T(1S)BC)S(*) = i9TBBTi,{d>*BB - Bd^B) - grB^Be,,,o.pd>^T''{d^B*PB + Bd^B*^) 

+B*^^{T^di,B:-diiT‘'B:)}, (4) 

where and B^*'>'^ = (^B^*'^~, correspond to the bottom meson isodoublets, e^i/a /3 is the 

antisymmetric Levi-Civita tensor and £0123 = +1- Due to the heavy quark symmetry, the following relationships of 
the couplings can be used 


64 


gr{is)BB 


gr{lS)BB — 23lY^mT(lS)’7rB , gr{lS)B*B — -J==== , ffT(lS)B*B* — 5T(1S)B*B Y 


niB* 


-ruB* 


(5) 


where gi = ^tot(is)/(2tob/x(is)), 'niT(is) and fr{is) denote the mass and decay constant of T(IS'), respectively. 
The decay constant /r(is) can be extracted from the T(IS') —>• e+e“, 

47ra2^ /t(is) 


r(T(lS') ^ e+e") = 


27 mx(is)' 


( 6 ) 


where aem = 1/137 is the electromagnetic fine-structure constant. Using the mass and leptonic decay width of the 
T(15') state, r(T(lS’) e+e”) = 1.340 ± 0.018 keV Q , one can obtain fr(is) = 715.2 MeV. 

For the Lagrangians relevant to the light vector mesons used in this work, we can write them in the chiral and 
heavy quark limits 34, ^ , 

+4^/B.s•v<(a'^V'^ - d''Vn)BV , (7) 


where the heavy meson couplings to light vector mesons have the following relationships. 


gsBv = gB-B-v = 


Pgv 

V2' 


f fB-B*V Agy 

A-sv = — = ^, 


mg. 


( 8 ) 


with the parameters /? = 0.9, A = 0.56 GeV and gv = Tapj [651467 |. 
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Based on the relevant Lagrangians given above, the loop transition amplitudes in Fig. [T] can be expressed in a 
general form as follows, 


■^fi — 


d‘^q2 

( 2^)4 


E 

B* pol. 


T1T2T:, 

010203 




(9) 


where Ti and {i = 1,2,3) are the vertex functions and the denominators of the intermediate meson 

propagators, respectively. For example, in Fig. [T](b), (i = 1,2,3) are the vertex functions for the initial Xf,, final 
bottomonium and final uj, respectively, oi {i = 1,2,3) are the denominators for the intermediate i3+ and B*~ 
propagators, respectively. In order to take care of the off-shell effects of the exchanged particles 68l470l|. we adopt a 
dipole form factor 


with A = m 2 -faAqcD, and the QCD energy scale Aqcd = 220 MeV. Many phenomenological studies have suggested 
the cutoff parameter a ~ 2. The explicit expression of transition for X), —>■ T(15')a; amplitudes is given in Apoendix IlVI 


III. NUMERICAL RESULTS 


TABLE I: Predicted partial widths (in units of keV) of the Xi, decays. The parameter in the form factor is chosen as a = 2.0, 
2.5, and 3.0, respectively. 


Dipole form factor 

a = 2.0 

a = 2.5 

a = 3.0 

Ex„ = 1 MeV 

4.03 

8.55 

15.53 

Ex,, = 5 MeV 

8.38 

17.84 

32.51 

Exfj = 10 MeV 

11.17 

23.84 

43.56 

Ex, = 25 MeV 

15.12 

33.30 

61.10 

Ex, = 50 MeV 

18.63 

40.14 

73.96 

Ex, = 100 MeV 

20.02 

43.34 

80.22 


Both the tetraquark model 
In Ref. 


7l| and hadronic molecular calculations |72 h 74|| have predicted the existence of the Xi,. 


7l|, A. Ali et al. predicted the mass of the lowest-lying 1++ bqbq tetraquark to be 10504 MeV, while the mass 




of the BB* molecule is a few tens of MeV higher 73|, [7^. In Ref. (73|, the mass was predicted to be (10580_g) MeV, 


which corresponds to a binding energy (24_g) MeV. These studies can provide a range for the binding energy, and in 
the following we will choose a few illustrative values: Ex,, = (1, 5,10, 25, 50,100) MeV. 

In Table U we list the predicted partial widths by choosing the dipole form factor and three values for the cutoff 
parameter a. From this table, we can see that the widths for the Xb —>■ T(15)w are about tens of keVs. The Particle 


Data Group gives an upper bound for the total width of Ar(3872) to be 1.2 MeV [l^. If we consider the similarity 
between Xb and A(3872), the full width for Xb should be narrow. Hence, our results would indicate a sizeable 
branching fraction for Xb —f T(15')a;. 

In Fig. [21 we present the partial widths for the Xb —f T(15')w in terms of the Ex,, with the dipole form factors 
a = 2.0 (solid lines), 2.5 (dashed line), and 3.0 (dotted lines), respectively. As shown in this figure, there is no cusp 
structure in the curve. This is because the mass of Xb lies below the intermediate BB* threshold. The uncertainties 
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FIG. 2: The dependence of partial widths of Xb —>■ T(lS')a; on the Ex^ using dipole form factors with a = 2.0 (solid lines), 
a = 2.5 (dashed lines), and a = 3.0 (dotted lines), respectively. 


caused by the form factors indicate our limited knowledge on the applicability of the effective Lagrangian. However, 
fortunately, the dependence of the partial widths are not drastically sensitive, which indicates a reasonable cutoff 
of the ultraviolet contributions by the empirical form factors. Both the coupling strength of Xj, in Eq. © and the 
threshold effects influence the binding energy dependence of the partial width. On the one hand, as shown in Eq. ©, 
the coupling strength of Xb increases with the binding energy Ex^ ■ On the other hand, the threshold effects decrease 
with Exi- Both the coupling strength of Xb and the threshold effects change quickly in the small Ex^ region and 
slowly in the large Ex^ region. As a result, the behavior of the partial width is relatively sensitive at small Ex^, while 
it becomes smooth at large Ex^- 

As mentioned above, the coupling constant Xi in Eq. © is based on the assumption of a shallow bound state, so 
our determination of this coupling has uncertainties which are mainly due to the nonperturbative pion exchange. For 
the interaction between two heavy hadrons forming a bound state, one can formulate an effective field theory (EFT) 
description 171^ of hadronic molecules, which is analogous to that of the EFT formulation of the nucleon-nucleon 
interaction |75j |. There are two main simplifications for heavy hadrons: The first one is that heavy quark symmetry 


severely constrains the low-energy interactions among them 7^ [77| ; The second is that pion exchanges are usually 


perturbative and only produce small effects 78|, H- The only exception is the isoscalar in the bottom sector where 

76, 7^ . In Ref. Q , the studies 


73 


the pions might be nonperturbative due to the large masses of the bottom mesons 
indicate that the relative errors of Cqx are about 20% for the isoscalar Xb- So even if we consider the impact of this 
effect, the estimated order of the magnitude for the branching ratio Xb —>■ T(15')a; may also be sizeable and can be 
measured in experiments. 

In the heavy quark symmetry limit, one may correlate the transition matrix element of the Xb —>■ T(I5')w with 
that of A(3872) —>■ Generally speaking, with the experimental measurements of the masses of A(3872) and 

the experimental lower limit branching ratio of A(3872) —> J/ipui [l^, one can first use the heavy quark symmetry to 
determine the cutoff parameter value a and then give a round estimation of the possible experimental measurements 
on Xb —>■ T(lS')a;. However, we should also notice that the phase space dependence behavior of the partial widths 















6 


may be quite different for these two decay channels. For the process X(3872) —>• J/'f/’w, the allowed phase space is 
very small, while the phase space is large enough for the process Xf, —T(lS')u;. Maybe systematic experimental and 
theoretical studies on these decay processes can test this point. 

In the case of hidden bottomonium decays of Xi, (such as Xb —>■ T(lS')u; and T(nS') 7 ) with Xb being an S'-wave BB* 
molecule candidate, since the heavy quarks in the BB* meson pair have to recombine to form the final bottomonium, 
the transition from the BB* meson pair into the T plus ui (or photon) occurs at a distance much smaller than both 
the size of the Xb as a hadronic molecule and the range of forces between the B and B* mesons. As a consequence, 
these processes are not sensitive to the BB* wave function at long distances which is governed by the binding energy, 
but rather they are determined by the short distance part of the Xb- As shown in Ref. 28j, the radiative decays 
Xb —>■ T(n5')7, and especially their ratio R, are not sensitive to the long-range structure of the Xb, and thus they 
cannot be used to rule out the picture that the Xb is dominantly a hadronic molecule. In order to further investigate 
the structure of Xb, it is necessary to explore other decay channels, and the radiative decay Xb —t BB^ might give 
the best hint about the molecular nature of Xb- In the case of Xb —?> BBj, one of the constituent hadrons [B) is in 
the final state and the rest of the final particles are products of the decay of the other constituent hadron (B*) of 
the Xb molecule. In these processes, the relative distance between the BB* pair can be as large as allowed by the 
size of the Xt, since the final state is produced by the decay of B* instead of the rescattering transition. So this 
process is sensitive to the long-distance part of the wave function of a hadronic molecule and can be used to probe the 
long structure of Xb- The experimental observation of Xb, hunting for hidden bottomonium decays {Xb —>■ T{nS)"f, 
T{nS)3Tr) and Xb —t BB^ can help us understand the structure of Xb- 


IV. SUMMARY 


In this work, we have investigated the isospin-conserved hidden bottomonium decay Xb —>■ T(IS')aj, where Xb is 
taken to be the counterpart of A(3872) in the bottomonium sector as a meson-meson molecule candidate. Since the 
mass of this state may be far below the BB* threshold, the isospin-violating decay channel Xb —>■ Ttt+tt” would be 
highly suppressed and stimulate the importance of the isospin-conserved decay channel Xb —>■ T(15')w. We explore 
the rescattering mechanism with the effective Lagrangian based on the heavy quark symmetry. The calculated partial 
width of Xb —t T(lS')w is about tens of keVs. Taking into account the fact that the total width of Xb may be smaller 
than a few MeV like A(3872), the calculated branching ratios may reach to orders of 10“^. This study of hidden 
bottomonium decay along with the previous work on production rates in hadron-hadron collisions and radiative 
decays of Xb have indicated a promising prospect to find the Xb at hadron colliders, in particular, the LHC, and 
we suggest that our experimental colleagues perform an analysis. Also, the associated studies of hidden bottomonium 
decays Xb T{nS)j, T{nS)uj, and BB^ may help us investigate the structure of Xb systematically. Such attempt 
will likely lead to the discovery of the Xb and enrich the exotics spectrum in the heavy quarkonium sector. 
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Appendix A: The Transition Amplitude in ELA 


In this appendix, we give the transition amplitudes for the intermediate heavy meson loops in Fig.[T]in the framework 
of the ELA. pi, p 2 , and p^ are the four-vector momenta for initial state Xi,, final heavy quarkonium T(IS'), and final 
light vector meson w, respectively, qi, q 2 and q^ are the four-vector momenta for the intermediate heavy mesons, ei, 
62 and £3 are the polarization vectors for initial state, final quarkonium, and final light vector meson, respectively. 


-4bb*[b] — 


(27r)4 


[9Xb£iii][9r{is)BB(,qi - q2)p£T][—2fB^Bv£\e^KP3£'f {92 + qs)^] 


i + q 3 qV^ 3 ) 


2 2 2 2 

qf - "if 92 - ™2 


2 2 
qi-mi 


^{m 2 ,ql), 


A 


BB*[B*] 


/ (l Q 

j2:^i9Xb£lfJ.][-9r{lS)B*B£pa^TP2£Tq2]{‘^9B‘‘B*vq20£’f g4,K + 4/B*B*v(P3e30 - P34>£f)9Ke] 

i + 92 92 Mi) + 9393 /^ 3 ) 


ql-m\ 


92 - ™2 


2 2 

qi-mi 


-F{m 2 ,qi), 


A 


B*B[B] 


/ dj Q 

(2^)4 [9Xi,£ip][—9r{is)B*B£p(TiTP2£Tqi][~9BBviq2 + 93)Ae3'’'] 
i{-9^'' + qiql/ml) i i 


qf-mj 


2 2 2 2 
92 - 93 - rn-i 


J'(to2,92) 


A 


B*B[B*] 


/ dx Q 

j^^[9x^£ip][9r{is)B-B-£Tiiq2 - qi)p9,7i + P2i9pa + P2a9pi)][‘^fB-Bv£\e<j,KP3£*3^iq2 + 93 ) 

ii-q'"'"+ qiqi/ml)i{-9^'^+ q^q^/ml) i 


2 2 
91 - mf 


2 2 
92 - "^2 


ql-ml 


^{ 1712 , 92 ), 
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